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44.1�kHz sampling rate. Recordings of 1�h each were taken twice 
a day (morning and evening) for the �rst 6 d and twice a week for 
the next 8 d as the activity decreased. Insect sound recordings were 
performed inside the aquarium tanks in an isolated quiet room at 
ambient temperature (22�25°C), with �uorescent lighting. The 
ampli�cation levels were standardized throughout the experiment; 
consequently, the relative amplitudes are the same for all the oscillo-
grams as described in the following section.

Acoustic Data Management and Signal Processing
Before further processing, recorded signals were �rst band-pass �l-
tered between 0.2 and 10�kHz using Raven Lite software (Bioacoustics 
Research Program 2016). Next, �ve spectral pro�les (mean spectra) 
were calculated for both C.� maculatus and S.� oryzae by DAVIS 
(Digitize, Analyze, View, Insect Sounds) through fast Fourier trans-
form and other algorithms (Mankin et�al. 2011, Herrick et�al. 2013) 
from 10-min prescreened records obtained from noise-free periods. 
It was necessary to construct different pro�les for each species due 
partly to the larger size of S.�oryzae and partly to differences in the 
structure of cowpeas and wheat (Mankin et�al. 2018), which pro-
duced signi�cant differences in the spectra of the sounds each species 
produced. DAVIS was further used to conduct automated analyses 
to distinguish daily insect sounds produced by both C.�maculatus 
and S.�oryzae. Each impulse detected in the daily recordings was as-
signed to the type from which it had the smallest total mean-square 
difference (Dosunmu et�al. 2014). Impulses whose spectra failed to 
match any pro�le within a preset least-squares threshold were dis-
carded. For each sample, the DAVIS program identi�ed and timed 
groups (trains) of at least three impulses separated by intervals < 
200�ms whose spectra matched one of the �ve insect pro�le types. 
These trains, called bursts, have been demonstrated in previous 
studies to have a high likelihood of having been produced by an in-
sect (Jalinas et�al. 2015). The beginning and end time of each train 
and the number of impulses in the train were stored in a spreadsheet. 
The rates of bursts, the numbers of impulses per burst, and the rates 
of impulses in bursts were calculated as in Jalinas et�al. (2015).

Responses of both C.�maculatus and S.�oryzae to the low-oxygen 
tensions were assessed in terms of burst rates and the rates of im-
pulses in bursts. Furthermore, statistical analyses were used to com-
pute the differences or similarities among burst rates and rates of 
impulses in bursts from insects of each species exposed to the dif-
ferent oxygen-level treatments.

Moisture Content, Grain Quality, and Adult 
Emergence Assessments
At the beginning and end of the experiment, the moisture content 
was determined using a handheld grain moisture tester (Dickey-John 
mini GAC plus moisture tester; DICKEY-john Corporation, Auburn, 
IL). The numbers of insect damaged wheat and infested cowpea were 
assessed on 100-grain samples and converted into percentage. Given 
the low-oxygen conditions, the focus was on qualitative changes of 
grain (presence of holes and eggs) as opposed to quantitative changes 
(weight loss). Cowpea seeds were infested with eggs, whereas wheat 
seeds had holes. The number of surviving adult insects was assessed. 
After assessing and sieving out the adults exposed to hypoxia for 14 
d, cowpea seeds and wheat grain were incubated at 25�– 1°C and 
40�– 5% RH for 45 d.�The total number of adults that had emerged 
from each container after 45 d was counted and recorded. At the be-
ginning of each of the 1-h acoustic recordings, counts were made of 
insects visibly in movement near the surface of the 120-ml glass jars 
containing the treatment samples.

Statistical Analyses
All data were analyzed using Stata SE Version 12 (StataCorp 2011). 
Percentage data were arcsine transformed to stabilize variance prior 
to analysis. Analysis of covariance (ANCOVA) was applied to test the 
effects of treatment, exposure time, and the interaction of treatment 
and exposure time. Where the coef�cient of the interaction term was 
signi�cant (P � 0.05), analysis of variance (ANOVA) was performed 
to compare mean rates of bursts, and numbers of surviving insects, 
damaged grains, and emerging adults among the treatments to assess 
for day-by-day differences. Means were separated using Bonferroni 
adjustment at 95% con�dence level. In several tables, mean values 
– SEM are listed.

Results
Acoustic Activity of Adult C.�maculatus and 
S.�oryzae Under Low-Oxygen Environments
The acoustic patterns for the two species varied considerably on dif-
ferent days after exposure to low-oxygen environments. The sound 
impulses showed a broad range of amplitudes, spectral features, and 
temporal patterns. Figure 1A and C show several impulses in a 2-min 
recording of adult C.�maculatus and S.�oryzae, respectively, under 
normoxic conditions. The signals grew weaker as time progressed 
under exposure to the low-oxygen environments during this study. 
Figure 1B and D nevertheless include several individual impulses and 
an impulse train in a 2-min recording of adult C.� maculatus and 
S.�oryzae, respectively, after 2-d exposure to 3% oxygen.

For purposes of analysis, �ve audibly distinct types of spectra 
were identi�ed in the prescreening of single, high-quality acoustic 
recordings of adult C.�maculatus and S.�oryzae, respectively. The 
signal pro�les were Broadband, HighF, MidF1, MidF2, and LowF, 
based on their peak energies and breadths of spectral range. From 
the 3-min sections identi�ed at the prescreening stage, DAVIS pro-
gram identi�ed brief 1�10� ms bursts separated by <200� ms and 
saved them. The rates of bursts and impulses in bursts were com-
puted for each recording. The rates of bursts and rates of impulses 
in bursts in the different C.� maculatus and S.� oryzae treatments 
declined sharply over the �rst 4 d of exposure to controlled at-
mosphere conditions (Fig.�2A and B). ANCOVA analysis showed 
signi�cant differences in the decline curves of the different treat-
ments and species demonstrated a signi�cant interaction between 
treatments and exposure time (Table 1). ANOVA analysis showed 
that there were signi�cant differences (P�<�0.05) among burst rates 
for treatments at different points in time on the �rst 3 d when the 
insects were most active (Tables 2 and 3). By day 3, there was very 
little if any acoustic activity recorded for the 1% treatments for 
both insect species. On day 4, all the insects were �acoustically� 
dead, i.e., the rates of bursts had fallen below a previously deter-
mined threshold for low likelihood of infestation, 0.02 bursts/s 
(Mankin et�al. 2008).

The cessation of acoustic activity depended on the oxygen level 
and exposure time as shown in Fig. 2A, for rates of bursts, and in 
Fig. 2B, for rates of impulses in bursts (burst impulses). Insect ac-
tivity monitoring was stopped at 14 d.�The burst rates in all treat-
ments decreased steadily during the �rst 3�4 d after which few bursts 
were recorded. The decline was fastest in the 1 and 3% treatments 
for both insect species. After day 5, no insect activity was observed 
and the insects were presumed dead. The time taken until cessation 
of acoustic activity ranged from 2.9�3.2 d for C.� maculatus and 
3.2�4.1 d for S.�oryzae under 1, 3, and 5% low-oxygen treatments 
(Table 4).
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Njoroge et�al. (2018) conducted an experiment to assess the effect of 
cowpea bruchid population (25, 50, and 100 adults) and available 
oxygen (0.5- and 1.0-liter jars) on oxygen consumption and acoustic 
activities. The study revealed that cessation of insect activities hap-
pened when oxygen level reached 4% after 3�11 d exposure to her-
metic storage conditions. Less time is required to reach the cessation 
of insect acoustic activity under controlled environments than in her-
metic storage conditions.

Insect Survival and Grain Quality Immediately After 
Low-Oxygen Treatments
Assessment immediately after exposure to hypoxia treatments for 
14 d revealed no adult S.� oryzae survived. These �ndings are in 
agreement with results of Kharel et�al. (2019) who showed that ex-
posure of T.�castaneum to 2% or less for 15 d resulted in no adult 
survival. However, exposure to higher oxygen levels such as 4 and 
8% did not result in complete mortality. We did not expect to �nd 
any live C.� maculatus as they have a short life cycle of 10�12 d 
(Yan et� al. 2016). Assessment of the grain immediately after low-
oxygen exposure showed the presence of grain damage on wheat 
for all the treatments. This appears to be the result of damage by 
S.�oryzae adult insects before the cessation of activities (within 3�4 
d of exposure). For cowpea, there were eggs laid on the grains and 
no other damage was observed. We used qualitative assessment such 
as grain with eggs and holes because previous studies have shown 
minimal weight losses when grain is stored under hermetic condi-
tions (Njoroge et�al. 2017b). No change in weight loss was expected 
in this study, and hence we assessed qualitative measures that are 
indicative of potential future progeny development when grain is re-
turned to normoxic conditions. Previous studies have shown that in-
sect activity and grain infestation and damage are reduced at oxygen 
levels below 5% (Emekci et�al. 2002; Margam 2009; Yan et�al. 2016; 
Njoroge et�al. 2017b, 2018).

Insect Development 45 d Post-treatment
A few adults were present in grain incubated for 45 d after exposure 
to 3 and 5% oxygen levels for 14 d.�Consequently, when assessing 
the ultimate ef�cacy of controlled environments, initial mortality is 
not the only parameter of importance especially if the airtight condi-
tions are not maintained after initial exposure to hypoxia. The pres-
ence or absence of eggs and surviving adults post-treatment need 
to be assessed to ensure that there is no pest resurgence after the 
airtight system is compromised.

Some studies have demonstrated that low oxygen (2�5%) can 
suppress egg-laying behavior and adult emergence of C.�maculatus 
(Yan et�al. 2016). In our study, there were no surviving adults im-
mediately after 14 d of hypoxia treatments; the eggs laid were few, 
and some eggs did not hatch 45 d post-treatment. These �ndings 
were consistent with Cheng et�al. (2012) who found that decreased 
O2 and elevated CO2 affected survival, development, and gene ex-
pression in cowpea bruchids. They found that below 2% oxygen, 
bruchids slow down or stop ovipositing. Furthermore, our results 
showed no adult emergence from 1% oxygen level after 45 d post-
treatment. This result corroborates previous �ndings that show 
exposure of C.�maculatus and T.�castaneum eggs to oxygen levels 
below 2% causes up to 100% egg mortality (Cheng et� al. 2012, 
Kharel et�al. 2019). Though 3 and 5% resulted in a few live adults 
45 d post-treatment, they might have affected the development of 
the insects. Kharel et� al. (2019) showed that adult developmental 
time was increased by 18 and 15 d when was young larvae of 
T.� castaneum were exposed 4 and 8% oxygen levels, respectively. 
Carli et�al. (2010) showed complete inhibition of progeny develop-
ment when Sitophilus spp. were exposed to CO2 atmospheres for 30 
d.�Extending exposure time beyond 14 d at 3 and 5% oxygen levels 
may result in complete mortality post-treatment.

In conclusion, exposure of C.�maculatus and S.�oryzae to hypoxia 
of 5% or below halts insect activity within 4 d.�Controlled atmos-
phere of 1% oxygen level for 14 d is effective for achieving complete 
adult mortality of C.�maculatus and S.�oryzae and preventing insect 
resurgence post-treatment. Maintaining oxygen levels at 3 and 5% 
will contribute to the death of adult insects within 14 d but may 
lead to insect development post-treatment if airtight conditions are 
breached. Consequently, maintaining low-oxygen conditions for a 
longer duration would ensure insuf�cient oxygen is available for 
progeny development and thus protect the stored grain from further 
deterioration.
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Table 4.  Time after onset until cessation of acoustic activity of 
Callosobruchus maculatus (CPW) and Sitophilus oryzae (RW) 
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